Abstract The African cichlid fishes show great diversity in mating displays and reproductive strategies, yet species differences in genital morphology have been little studied. Observational notes have described broad sex differences in external genital shape between males and females, but these differences have not been quantified. We examined three aspects of genital morphology (relative anogenital distance, relative vent length, and relative external genital area) in two riverine and eleven Lake Malawi African cichlid species from eight genera. We find the most sexually distinct morphology in the Lake Malawi rock cichlids and the least sexual dimorphism in the riverine outgroup; additionally, diversity in metrics within genus indicates that these traits are recently evolving. Sexual dimorphism in morphology is present in most species, and, in the Lake Malawi species, multivariate discriminant analysis allows for accurate assignment of gonadal sex based on genital morphology and body size. This will serve as a useful method for sexing fish in a nonlethal fashion and provides a starting point for further examination of the evolution of genital morphology in this diverse group of fishes.
Introduction
For many fish species, the evolution of genital morphology has been influenced by both natural selection and sexual selection (Evans et al., 2011; Heinen-Kay & Langerhans, 2013; Martin & Page, 2015) . Among cichlid fishes, the Lake Malawi and Lake Victoria species flocks have undergone adaptive radiations and show great variation in traits subject to both natural and sexual selections (Kocher, 2004; Brawand et al., 2014) . This makes cichlids an ideal system for comparative studies of evolution and trait divergence, including for traits such as genital morphology, which have been suggested to help reinforce species boundaries in other recently diverged fish taxa (Anderson & Langerhans, 2015) .
In fish, male reproductive structures that are used for sexual signaling and fertilization can be formed from multiple tissues, from elaborate genital tassels attached to the genital papilla (Wickler, 1965; Fryer & Iles, 1972) to modifications that make anal fins an intromittent organ, permitting internal fertilization (Langerhans et al., 2005) . In the mouthbrooding African cichlid fishes, male sexual signaling can be performed with the external genitalia itself [as in some tilapiine species (Wickler, 1965; Fryer & Iles, 1972) ], or with specially pigmented anal fins (as in some of the haplochromine species) that may function as a courtship signal to females (Hert, 1991; Couldridge, 2002) or as an intrasexual signal to other males (Theis et al., 2012 (Theis et al., , 2015 . Female genital morphology is much less well studied, though recent studies of other species have begun to explore the diversity of structure and function of female genitalia (Anderson & Langerhans, 2015; Martin & Page, 2015) .
Outside of general descriptions of genital tassel structure, descriptions of sex differences in external genital morphology in cichlids have been limited to a small number of broad descriptions intended for sexing fully mature adult animals (Chervinski, 1983; Barlow, 2000) . Upon cursory examination, the most obvious sexually dimorphic feature in genital morphology is that female external genitalia are larger than males, which is easy to exploit when the fish are large and mature, and has been used as a method for sexing fishes in cichlid laboratories (Barlow, 2000; Ding et al., 2014) . Separate from genital morphology, striking sexual dimorphism in African cichlid pigmentation has been used as a metric for sexing, but is not always reliable for species where subdominant males may have muted, female-like coloration or where males and females are monomorphic (Fryer & Iles, 1972) . Additionally, in some species, females have been found to display male breeding colors (Hale et al., 1998) or bear egg-spots on their anal fins (Theis et al., 2015) .
In this paper, we describe vent (urogenital and anus) morphology by sex in 13 species of African cichlid, including eleven from the Lake Malawi haplochromine adaptive radiation, one riverine haplochromine, and one riverine Tilapia. By examining how genital morphology differs across these species, we can begin to establish a picture of how this important reproductive structure has evolved in mouthbrooding cichlids. Additionally, by identifying sex differences, we have developed a way to assign sex for small, subdominant, or otherwise ambiguous individuals that can be used for nonlethal experiments where sex identification is critical. Table 1 for more information about the lines used).
Photography: Each fish was anesthetized with buffered 100 mg/l tricaine methanesulfonate (MS-222) until onset of sedation (as measured by reduction of opercular movement) to measure standard length (from the tip of the rostrum to the end of the caudal peduncle). Fish were placed in a moist positioner to ensure proper placement under the dissecting microscope camera for photography of ventral aspect, centered on the vent region, which includes the anus and external genitalia. For species where pigmentation is clearly sexually dimorphic, fish were placed in recovery and returned to home tanks; for lines where subdominant males and females could not be quickly and easily distinguished by pigment, fish were euthanized in 250 mg/l MS-222 and gonads were dissected and squashed if eggs were not clearly present (Guerrero & Shelton, 1974) to visualize sperm to confirm that individuals were males rather than immature females.
Measurements: All images were analyzed using the measurement feature of ImageJ (Schneider et al., 2012) . Four measurements were recorded from the vent region within each picture in pixels (Fig. 1a) : the area of the anus and external genitalia were visually determined (with boundaries demarked by pigmentation and tissue type, visible at high resolution) and measured using the ellipsoid measurement tool; the distance from the caudal-most aspect of the anus to the cranial-most aspect of the external genitalia (anogenital distance) and the distance from the cranial-most aspect of the anus to the caudal-most aspect of the external genitalia (vent length) were measured with the line measurement tool. Anus radius was extrapolated from the area of the anus radius ¼ ffiffiffiffiffiffi area p p À Á . Individuals were variable distances from the camera apparatus, making consistent absolute measurements difficult; accordingly, to determine the relationships between the features of the vent region, relative metrics of the anogenital distance and vent length were generated by normalizing measurements to the anus radius (Eqs. 1, 2), and relative external genital area was generated by dividing the external genital area by the anus area, and log-transformed to account for exponential differences in area by size (Eq. 3).
Equation 1 The suitability of the anus as the internal reference for size normalization was tested with a subset of raw pixel measurements from 43 individuals (representing four species, two genera) where we could be confident that the photographic conditions were consistent. Variation in raw anus area (online resource 1A) is small relative to variation in raw external genital area (online resource 1B), and while variation in raw external genital area differs by sex and with standard length, variation in raw anus area is neither associated with sex (unequal variance t test (97.7) = 1.088, P = 0.2792) nor standard length (online resource 1A). Importantly, by comparing vent length and external genital area to the anus, we can infer differences in the shape of the region; generally, larger values for relative vent length indicate a more elongated vent region, and larger values for relative external genital area indicate greater asymmetry width of the vent region along the cranial/caudal axis. Statistics: All statistics were conducted using JMP statistical software (SAS).
Standard least squares multiple linear regressions were used to model the relative contributions of species, sex, and standard length on morphology metrics. For the full models that included all species (Table 2) , all three interaction terms (sex by species, sex by standard length, and species by standard length) were initially included. Parameters with a P value of greater than 0.05 were removed from the model by hand in a stepwise manner until all parameters had a P value of less than 0.05, unless the high P value was from a main effect parameter with a low P value interaction term; this model selection was confirmed using the stepwise model selection tool in JMP.
Summary measurements (Table 3) are reported as mean ± standard error. For differences between sexes b Fig. 1 A diagram and representative photographs of female and male genital regions in 7 genera of African cichlid. The vent region in cichlids (a) includes the genitals and the anus, which is located cranially to the external genitalia. The 'anogenital distance' is the measurement between the caudal-most aspect of the anus and the cranial-most aspect of the external genitalia; the 'vent length' is the length of the entire region, including the 'anogenital distance,' longitudinal diameter of the anus and external genitalia. Representative photos of female and male vents from the tilapia outgroup (Oreochromis niloticus b, c), riverine cichlid Astatotilapia burtoni (d, e), Lake Malawi sanddwelling haplochromine cichlids (Aulonocara jacobfreibergi, f, g; Otopharynx lithobates, h, i), and Lake Malawi rock-dwelling haplochromine cichlids (Cynotilapia zebroides, j, k; Metriaclima aurora, l, m; and Melanochromis perileucos n, o). Extended papilla tips in males are indicated via white arrows, if present in measurements (Fig. 2) , we used a two-tailed, unequal variance t test, which is reported as ''unequal t test (degrees of freedom) = t ratio, P = P value'' in the text. Within species, the effects of sex, standard length, and the sex by standard length interaction on genital morphology were also modeled with a least squares regression (Tables 4, 5, 6); interaction terms were removed if they had a P value greater than 0.05. The unequal variance t test is a more conservative test than multiple linear regression; given the comparatively small effect sizes of standard length and sex by length interaction relative to sex, the unequal variance t test was the more appropriate test for identifying sexual dimorphism. A linear method discriminant analysis was performed with stepwise variable selection, resulting in the retention of relative anogenital distance, standard length, and relative external genital area as predictor variables for sex, using all the Lake Malawi species in the training dataset (see Fig. 4 for canonical variable plot). Sex identity was assigned to all individuals using the training dataset, the accuracy of which is reported as both number incorrect and probability of incorrect assignment (Table 7) .
Comparisons of sexual dimorphism in vent morphology to egg size and productivity (number of eggs) were generated using a combination of existing datasets and laboratory measurements. All Lake Malawi egg sizes were taken from Duponchelle et al. (2008) . If a species we measured for genital morphology had egg size and productivity available in the dataset, we used the exact measurement from the paper; however, in one genus, Aulonocara, the only available data were from morpho-species that were different than those we tested, and in this case, we averaged the measurements from the genus to approximate egg size because the reported variability in egg diameter within the genus was low (3.1-3.2 mm, Duponchelle et al., 2008) . The tilapia egg size and productivity values were averaged from the two studies found examining egg size and productivity in aquaculture Or. niloticus (Campos-Mendoza et al., 2004; Getinet, 2008) . The existing datasets did not contain As. burtoni egg sizes, so we measured the area of each egg from two broods (n = 78) using Olympus cellSens software, calculated the diameter from the area (diameter ¼ 2 Â ffiffiffiffiffiffi area p p ), and calculated the average diameter of the eggs. Simple bivariate linear regression was used to examine relationships between egg size and productivity, as well as egg size and sexual dimorphism in external genital area, where values for sexual dimorphism were taken from the findings of the unequal variance t tests (as shown in Fig. 2 ).
Results

Overall value of parameters in predicting genital morphology
The relative contribution of sex, species, and standard length to explaining variation in genital morphology varies based on the morphological feature being examined. Anogenital distance has been reliably used to sex blennies (Lipophrys pholis) outside of the breeding season (Ferreira et al., 2010) , and so we expected that our equivalent metric, relative anogentital distance, might also be influenced by sex in cichlids. Surprisingly, we could only account for 30% of the variance in this distance with our model (F (27,286) = 6.079, P \ 0.0001, Table 2 ), and species, rather than sex, best explained the differences (t (13) = 9.190, P \ 0.0001, Table 2 ). While sex alone did not influence relative anogenital distance (t (1) = 0.749, P = 0.3875, Table 2 ), a significant interaction term between sex and species (t (13) = 2.832, P = 0.0008, sex can be a factor in determining anogenital distance in some species. We are able to explain a larger proportion of the variance in the metrics that describe, in whole or in part, the shape of the external genitalia; 55% of the variation in relative vent length, which describes elongation of the vent region (F (29,284) = 14.097, P \ 0.0001, Table 2 ), and 74% of the variation in the relative external genitalia area (F (29,284) = 32.290, P \ 0.0001, Table 2 ) can be explained by sex, species, and standard length. For both measures, sex best explains the differences [vent length, (t (1) = 117.968, P \ 0.0001); area, (t (1) = 388.612, P \ 0.0001), Table 2 ], suggesting that vent shape rather than anogenital distance is the predominant sexually dimorphic feature in cichlids. Standard length [relative vent length, (t (1) = 69.758, P \ 0.0001); relative area, (t (1) = 69.814, P \ 0.0001), Table 2 ] and the interaction of sex and standard length [relative vent length, (t (1) = 9.694, P = 0.002); relative area, (t (1) = 17.995, P \ 0.0001), Table 2 ] also influence the shape, though to a lesser degree than sex alone. Additionally, species [relative vent length, (t (13) = 5.168, P \ 0.0001); relative area, (t (13) = 5.984, P \ 0.0001), Table 2 ] and the interaction of species and sex [relative vent length, (t (13) = 2.617, P = 0.0019); relative area, (t (13) = 3.620, P \ 0.0001), Table 2 ] can explain variation in genital shape.
Gross sex differences in genital morphology by species
Non-Malawi species
The Nile Tilapia, Or. niloticus, displays clear sexual dimorphism in external genital morphology, where the females have an egg-laying slit (urogenital pore) located in the central region of the external genitalia through which the eggs are laid during spawning (Fig. 1b) , contrasted with the slightly pointed, raised genital papilla structure found in males (Fig. 1c) . Though there are clear morphological differences between the sexes in tilapia, these do not extend to differences in the relative length of the vent (unequal Fig. 2 Estimated differences between males and females by species. Magnitude of sexual dimorphism for relative length of the distance between the anus and the external genitalia (a), relative length of the vent (b), and log transformed relative area of the external genitalia (c). Error bars indicate the 95% confidence interval for the difference from an unequal variance two-tailed t test, where zero indicates that there is no difference between males and females, a positive value indicates that males had a higher score, and a negative value indicates that females had a higher score. A single asterisk indicates P \ 0.05, a double asterisk indicates P \ 0.005 t test (7.855) = -0.363, P = 0.7266; Fig. 2b ) or relative anogenital distance (unequal t test (6.972) = 1.575, P = 0.1593; Fig. 2a ). Female Or. niloticus have a slightly larger relative external genital area than males (difference = 0.511 between ratios, unequal t test (11.59) = -2.886, P = 0.0141; Fig. 2c ), which is due to an increase in papilla width rather than length. The riverine haplochromine cichlid As. burtoni lacks the apparent, raised male genital papilla seen in Oreochromis, and it is difficult to determine sex by eye (at least in our laboratory line, Fig. 1d, e) . Like the tilapia, they do not have sex differences in relative anogenital distance (unequal t test (21.13) = -1.609, P = 0.1224; Fig. 2a) or the relative length of the vent (unequal t test (23.37) = -1.539, P = 0.1373; Fig. 2b ), and have a slight, width-based difference in relative external genital area (females are 0.449 ratio units larger than males, unequal t test (21.45) = -2.798, P = 0.0106; Fig. 2c ).
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Compared to the Malawi rock cichlids tested, the lack of sexual dimorphism in As. burtoni appears to be due to a feminization of male genitalia rather than a masculinization of the females. The mean value for As. burtoni female relative external genital area is 1.92 ± 0.10, which falls within the range of values measured for female rock cichlids [1.71 ± 0.10 (L. trewavasae)-2.42 ± 0.23 (Mel. auratus)], whereas the mean value for As. burtoni males, 1.47 ± 0.13, is closer to the female rock cichlid values, and falls above the range of values measured for male rock cichlids [0.76 ± 0.08 (Met. lombardoi)-1.20 ± 0.07 (Mel. auratus)] (Table 3) .
While both Astatotilapia and Oreochromis are riverine cichlids from outside the Lake Malawi, Astatotilapia is a member of the haplochromine radiation (Table 1) , and might be expected to be more similar to the Lake Malawi species based on their phylogenetic relationships. Like the Malawi species, As. burtoni lacks the male genital papilla and clear female urogenital slit found in Oreochromis, but does not display the more extreme sexual size dimorphism in relative external genital area found in the lake species. In this way, Astatotilapia may have an intermediate genital form, sharing morphological characteristics with both groups.
Lake Malawi species
We were able to sample eight rock cichlid species in four genera (Table 1) , and found a trend of elongated relative vent length and increased relative external genital area in females (see Fig. 1j , l, n). The males of this group, in contrast, have comparatively smaller relative external genitalia, and may or may not have distinct, small points on the caudal tip of the external genitalia (see Fig. 1k for presence, 1 m and 1o for absence). Labeotropheus trewavasae and C. zebroides both lack sexual dimorphism for anogenital distance [(unequal t test (29.25) = -1.204, P = 0.2382) and (unequal t test (9.227) = -1.095, P = 0.3014), respectively; Fig. 2a ], but have strong support for enlarged female external genitalia in both relative vent length [(unequal t test (25.96) = -4.720, P \ 0.0001) and (unequal t test (16.7) = -6.575, P \ 0.0001), respectively; Fig. 2b ] and area [(unequal t test (26.76) = -7.037, P \ 0.0001) and (unequal t test (17.69) = -10.301, P \ 0.0001), respectively; Fig. 2c ]. Melanochromis auratus and Mel. perileucos also displayed large sexual dimorphism in area [(unequal t test (4.855) = -5.049, P = 0.0043) and (unequal t test (8.412) = -5.918, P = 0.0003), respectively; Fig. 2c) ], though Mel. auratus has lower support for female vent elongation (unequal t test (4.343) = -3.350, P = 0.0734; Fig. 2b ) than the other rock cichlid species, including Mel. perileucos (unequal t test (7.625) = -3.945, P = 0.0047, Fig. 2b ). The four Metriaclima species sampled show the same pattern with regard to dimorphism in relative external genital area [Fig. 2c , Met. aurora (unequal t test (36.99) = -7.893, P \ 0.0001); Met. callainos (unequal t test (40.35) = -9.576, P \ 0.0001); Met. lombardoi (unequal t test (11.27) = -9.458, P \ 0.0001); Met. pyrsonotus (unequal t test (15.96) = -6.031, P \ 0.0001)] and relative overall outside length [Fig. 2b , Met. aurora (unequal t test (35.14) = -4.085, P = 0.0002); Met. callainos (unequal t test (28.3) = -3.606, P = 0.0012); Met. lombardoi (unequal t test (10.83) = -4.984, P = 0.0004); Met. pyrsonotus (unequal t test (14.72) = -2.939, P \ 0.0001)]. Additionally, we were able to sample enough Met. aurora and Met. callainos to detect small sex differences in anogenital distance, though the direction of the difference was not consistent between the two species. In Met. callainos, the males have a distance between the two structures that is nearly the diameter of the anus (1.95 ± 0.07 anus radii, Table 3 ), whereas the female distance is half an anus radius smaller on average (1.41 ± 0.08 anus radii, difference: 0.533 anus radii, unequal t test (38.81) = 4.780, P \ 0.0001, Fig. 2a ). Metriaclima aurora females have the larger relative anogenital distance (1.89 ± 0.11 anus radii, Table 3) , and compared to Met. callainos, the magnitude of the sex difference is smaller (difference: 0.296 anus radii, unequal t test (35.55) = -2.277, P = 0.0289, Fig. 2a) . This difference is detectable by eye in representative Met. aurora photographs (Fig. 1l, m) .
We also measured individuals from two genera of Malawi cichlids that are from the lineage of predominantly sand-dwelling haplochromines: Aulonocara and Otopharynx (Table 1) .
A single species of Aulonocara was available in sufficient numbers to be sampled at N [ 10, so this study is only adequately powered to detect sex differences for Au. baenschi (8 F, 11 M; Table 3 ). For this species, the relative length between the anus and external genitalia does not differ by sex (unequal t test (12.45) = -0.440, P = 0.6674; Fig. 2a ), but both relative length (unequal t test (14.55) = -5.008, P = 0.0002; Fig. 2b ) and relative area (unequal t test (15.94) = -5.372, P \ 0.0001; Fig. 2c ) are larger in females than males. These differences are indicative of increased female external genitalia width and length, features that are detectable by eye (Fig. 1f,  g ). Additional sampling of Au. jacobfreibergi and Au. koningsi is necessary to determine if these species follow the same trends; however, an analysis by genus that grouped the three Aulonocara together did follow the same trends (multivariate model with sex and standard length, online resource 2), suggesting that the existing measurements for Au. jacobfreibergi and Au. koningsi are consistent with those for Au. baenschi.
None of the three relative measurements for Ot. lithobates show evidence for sexual dimorphism [inside length (unequal t test (7.678) = -0.629, P = 0.5477; Fig. 2a) ; outside length (unequal t test (7.391) = -1.273, P = 0.2415 ; Fig. 2b) ; ratio (unequal t test (6.852) = -2.057, P = 0.0795; Fig. 2c)] , though a raised, pointed genital papilla is detectable in the males (Fig. 1i) . As with Astatotilapia, the pattern of lack of sexual dimorphism in Otopharynx stems from males with large external genitalia, rather than females with small external genitalia. While Ot. lithobates female relative external genital area is similar to the female rock cichlids (2.68 ± 0.16), the male ratio (2.06 ± 0.25) falls within the range of rock cichlid females rather than that of males (Table 3) .
Differences in genital allometry
In addition to gross sex differences in external genitalia relative size and shape, we found that relative shape of the vent area can change as a function of the size of the fish, and that these allometric patterns may differ by sex and species. Because of sexual dimorphism in standard length [males are 7.25 ± 1.15 mm longer than females, (unequal t test (310.35) = 6.298, P \ 0.0001), all species pooled], investigations of the effect of standard length on morphology had to control for sex. We find four possible relationships between standard length, sex, and vent morphology in different species. When neither sex nor standard length explains morphological differences, the linear best-fit lines relating length and sex are the same for both sexes (similar y-intercepts and slopes, Fig. 3a, d) . If the bestfit lines lack strong slopes, but sexes have different y-intercepts, it indicates that only sex is influencing the trait, and that allometric shifts in genital shape were not detected (Fig. 3e, f) . When there is an effect of sex, and an allometric relationship between shape and length that is the same in both sexes, we see best-fit lines with different y-intercepts and similar non-zero slopes (Fig. 3b, c) . The last type of relationship we found is one of interaction, where the magnitude of the slopes differ by sex, such that one sex has a larger shift in shape over size (Fig. 3g-i) . We did not detect any occurrences of allometry effects in the absence of sex effects.
For the two species that showed sex differences in relative anogenital distance, one displays an allometric relationship between standard length and distance, and the other does not. Metriaclima callainos does not have a relationship between standard length and anogenital distance (t (45) = 0.60, p = 0.5528). Since this species was sampled at a large N (47), the absence of a signal is likely biological rather than due to a lack of statistical power. Metriaclima aurora shows an effect of sex (t (42) = 3.54, P = 0.001), standard length (t (42) = 3.35, P = 0.0018), and standard length by sex interaction (t (42) = 3.56, P = 0.001) on anogenital distance that is due to a strong effect of standard length in females, but not in males (see Table 4 ; Fig. 3g ). Of note, Au. jacobfreibergi shows an effect of sex when controlling for length (Table 4) , but this is not robust to the more conservative unequal variance single parameter t test (unequal t test (2.332) = 3.091, P = 0.0746; Fig. 2a ), though the trend may hold with a larger sample size.
Genital papilla relative size and shape can change as a function of standard length, as well. Aulonocara koningsi is the only taxon where neither sex nor standard length has a well-supported effect, which is likely a function of sample size combined with small effect sizes for some taxa, rather than a complete lack of effect. Of the remaining species, As. burtoni, Au. baenschi, L. trewavasae, Met. aurora, Met. lombardoi, and Met. pyrsonotus all have an increase in the elongation of the vent and increase in relative external genital area as they get longer in standard length (Tables 5, 6 , respectively). In three rock cichlid species, L. trewavasae, Met. aurora, and Met. lombardoi, this relationship is more pronounced in the 
Discriminant analysis by sex
The usefulness of morphological metrics for sexing fish depends on the ability to use them to accurately discriminate between sexes. To that end, we employed multivariate discriminant analysis to identify which morphological features can be used to assign individuals to their correct sex. The canonical variable plot shows clear separation by sex along the axis of canonical variable 1 (Fig. 4) , which is predominately based on standard length and relative external genital area (see the biplot rays for relative contribution of the metrics to both canonical variables). Overall, the discriminant analysis performed remarkably well at assigning group identity. Using a training set consisting of all individuals from Lake Malawi, the analysis miscategorized only 13 out of 314 (4.1%, Table 7) individuals; 8 out of the 13 (61.5%, Table 7 ) of those assigned the incorrect sex were from the riverine outgroups, Or. niloticus and As. burtoni.
Comparison of reproductive strategy to sexual dimorphism in vent morphology
To explore whether variable sexual dimorphism in external genital area could be associated with reproductive strategy, we looked to existing datasets of cichlid egg size and productivity (Campos-Mendoza et al., 2004; Duponchelle et al., 2008; Getinet, 2008) . The subset of species from those data that represent the species/genera examined in this study recapitulate the trend that there is a trade-off between egg size and number, where species have fewer, larger eggs or more, smaller eggs (Fig. 5a ). When we compare if egg size is also related to sexual dimorphism in relative external genital area, we find a trend where species with females that have larger external genitalia relative to males have eggs with a larger average diameter (Fig. 5b) . Astatotilapia burtoni was measured for egg size, but not productivity, and so is only included in Fig. 5b .
Discussion
The evolution of sexual dimorphism in genital structures can be related to signaling, functional aspects for successful fertilization, functional aspects for successful egg/offspring bearing, and/or a resolution of sexual conflict if more than one of these pressures are at odds with each other (Brennan & Prum, 2015) . Elaborate male genital structures have developed for successful internal fertilization in livebearing freshwater fishes, the shape of which can be influenced by both sexual selection (signaling) and ecological (Wickler, 1965; Fryer & Iles, 1972; Barlow, 2000) . These structures have been suggested to serve to entice the female and, at least in some cases, assist in successful fertilization (Barlow, 2000) . In the haplochromine cichlids, some species show clear female preference for number and size of egg-spots (Hert, 1991; Couldridge, 2002) , while in others, egg-spots have been demonstrated to be more important for signaling in male-male competitions than for female choice (Theis et al., 2012 (Theis et al., , 2015 . If fin pigmentation has taken over the role of sexual signaling in the Lake Malawi haplochromines, then there may not be pressure to have a highly differentiated or elaborate genital tassel or papilla. Alternately, the lack of male genital adornment may be related to sexual conflict from female reproductive constraints. In cichlids and other fish species, egg production and fertilization have been most strongly tied to variation in female genital morphology. Ecological influences on female genital shape in Gambusia have been linked to predation in the context of mating and fertilization (where certain papilla shapes may facilitate fast mating in high predation regimes), rather than egg size or laying (Anderson & Langerhans, 2015) . However, egg-laying strategy has influenced the evolution of genital morphology in female fishes of the darter genus Etheostoma-variation in female external genital shape is associated with spawning behavior (Martin & Page, 2015) . The basis for evolution of female genital shape and size may be more tightly linked to egg size/investment in mouthbrooding cichlid fishes than in other groups where morphology has been examined. Cichlids are known for having especially large eggs for fish, and the coevolution of productivity (egg number) and egg size have been shown across the group (Kolm et al., 2006) . This increase in egg size has been shown to benefit offspring; in neotropical cichlids, egg size correlates to hatchling size within brood and across species, where larger eggs result in larger, and presumably more competitive, young (Coleman & Galvani, 1998) . We hypothesize that our findings of differential sexual dimorphism in external genital area are intimately associated with the evolution of egg size in Lake Malawi East African cichlids; we infer that increases in genital sexual dimorphism in this group is driven by increases in relative external female genital size, which opens up a line of inquiry to speculate about selective mechanisms that would link the evolution of genital size and egg size that can be examined further in future studies.
It is unclear if there are functional differences related to anogenital distance, but one thing that is evident is that there is diversity in genital morphology Fig. 5 Relationships between egg size, productivity, and genital sexual dimorphism. A subset of individuals that correspond to species examined for genital morphology recapitulate a trend that increased investment per egg corresponds with decreased numbers of eggs (a). There is also a linear relationship between level of sexual dimorphism (this study) and the diameter of eggs (b). All egg diameter and productivity data are from a survey of east African cichlid reproductive output by habitat type (Duponchelle et al., 2008) , except for Oreochromis niloticus (Campos-Mendoza et al., 2004; Getinet, 2008) and Astatotilapia burtoni (this study), which are labeled in the graph within genus, indicating that it is a feature that may be still evolving. There are several key features that differ between the two species which showed intersexual differences in anogenital distance, including habitat (Met. callainos lives in the rocks, Met. aurora lives at the rock--sand interface) and pigmentation (Met. aurora has sexually dimorphic color, while Met. callainos varies by population, having both sexually monomorphic populations, and populations with two female color morphs) (Konings, 2007) . Further study is needed to identify whether differential genital morphology is associated with these or other features related to reproductive strategy.
The Astatotilapia burtoni line is used as a model to research the physiological and behavioral effects of social dominance interactions, where social position is influenced by a fish's sex (Fernald, 1977) , though surprisingly little has been described in the literature regarding genital morphology in this genus. Since the individuals we tested showed limited genital sexual dimorphism, this is a key species to investigate further. There are both long-held laboratory lines (such as was used in this paper) and relatively recently wild-derived lines of this species in the cichlid community, which could be used to confirm whether this finding holds. A species within the same genus, Astatotilapia calliptera (Günter 1894), is more closely related to Lake Malawi cichlids, and occurs in Lake Malawi as well as being widely distributed in regional lakes and river systems (Joyce et al., 2011) . The geographic and phylogenetic context of As. calliptera suggests that it is the immediate outgroup for the Lake Malawi radiation, making it an emerging model species for understanding the genetic basis of speciation and adaptation in general, and within the lake radiations (Joyce et al., 2011; Nichols et al., 2014; Malinsky et al., 2015) . Examination of genital morphology in As. calliptera would add additional phylogenetic context to our understanding of the evolution of this trait.
Going forward, there are many avenues for further exploration of genital morphology as related to sexual and ecological variations in cichlid fishes. Within Lake Malawi haplochromine species, it would be interesting to identify if genital morphology is coevolving with male pigmentation or habitat type. Additionally, examination of the external genitalia of substrate brooders, as well as female genital morphology for those species with elaborate male genital tassels, will give us a broader range of ecological and mating contexts for this trait.
Practically, the use of genital morphology metrics for sexing live fish will serve as a rigorous way to identify the sex of fish to be used in nonlethal experiments. This is particularly useful in the context of behavior research, when it may be necessary to use smaller fish that are not of a size easily sexed or where subdominant males appear to be female. To this end, we recommend that anyone who employs this method confirms the particular morphological features for the specific fish being used in their experiments, given that there are species-and genus-specific variabilities in genital morphology.
